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Abstract 
 
This thesis aims to investigate and analyze the performance of the Cognitive Pilot Channel (CPC) in 
heterogeneous network. The thesis uses simulation to simulate the environment and the scenarios 
and by using this simulation, the analysis is done. 
First task this thesis carrying is the validation the simulation results with the numerical results. This is 
done by introducing a single cell scenario and validates the results out of this scenario with the 
numerical calculation.  Analyze of cellular scenario and heterogeneous scenario is done after in this 
thesis. 
This thesis contains 5 chapters: 
Chapter one: introduction: this chapter introduces the idea of the cognitive radio and spectrum 
dynamic access as well as the objective of the thesis. 
Chapter two: Cognitive Pilot Channel: this chapter introduces the idea of the CPC channel and CPC 
structure as well as the architecture of it. 
Chapter three: Performance evaluation methodology: this chapter includes the simulation constrain, 
like the idea of the simulation, the simulation method, the simulation parameters and specification.  
Chapter four: Results: this chapter shows the results of this thesis for different scenarios and 
environments that considered in this thesis. 
Chapter five: Conclusions and future work: this chapter concludes this thesis and introduces the 
possible future work. 
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1 Introduction 
 
Nowadays there is a belief that we are running out of the available frequency spectrum. This 
belief becomes clearer if we look at the price of getting a license to use a frequency range (the 
licenses are getting more expensive), where getting a frequency bandwidth costs a very big amount 
of money, e.g. the license of European 3G spectrum with 20 MHz frequency band reached 
multibillion dollars in US in the auction done for this purpose [1]. Besides that, the FCC spectrum 
Policy Task Force says that at any given time and location, much of the licensed spectrum lies idle. 
This gives an impression that the frequency spectrum is not physically occupied, but it seems like that 
due to the license policy. To overcome this problem a new spectrum management policy should be 
introduced.  
Engineers have started to propose new frequency management and license policies that depend on 
using the frequency spectrum dynamically. Their idea is based on using the frequency spectrum not 
only by the licensed users, but also allows the non licensed users to use the spectrum without 
interfering the licensed users. This idea is called Dynamic Spectrum Access (DSA), which also referred 
as cognitive radio. 
In general cognitive radio concept depends on the fact that FCC has introduced, at a given time and 
location, much of the frequency spectrum is physically idle. The DSA concept classifies spectrum 
users into two classes, primary users and secondary users. The primary user represents the user that 
has the license to use a certain frequency spectrum and the secondary user is the user that does not 
have the license to use that frequency spectrum. The idea of DSA is; whenever the primary user is 
idle, the secondary user can use the licensed spectrum without interfering the primary user, which 
means, the secondary user should leave the spectrum once the primary user becomes active again. 
This leads to the necessity of a way to detect the presence and absence of the primary user. 
Normally, this can be done by scanning the entire frequency spectrum. The frequency spectrum that 
used in communication is very large (multiple of gigahertz), which means, in order to scan the entire 
spectrum, a sampler with multiple gigahertz frequency will be needed to be used (following Nyquist 
theorem), which is currently impossible. Another idea to make the scanning is to divide the spectrum 
into small ranges, but this will need a long time to scan the whole spectrum.  
During the work of creating new ideas about the dynamic access, many technical terms have been 
introduced such as dynamic spectrum access versus spectrum allocation, spectrum property rights 
versus spectrum commons, opportunistic spectrum access versus spectrum pooling and spectrum 
underlay versus spectrum overlay. These terms represent the idea of Dynamic Spectrum Access 
(DSA). In order to prevent the confusion, the term cognitive radio is used as synonym for DSA [1]. 
One of the ideas to facilitate the cognitive radio without scanning the entire frequency spectrum is to 
use a control channel transmitted to the users with some information about the spectrum and this 
channel is called Cognitive Pilot Channel (CPC). The information sent by this channel can be used for 
DSA as well as for some other applications, like giving the users information about the changes in the 
network (e.g. new operators, access technologies or frequencies have been added or modified within 
the network). 
 
In general, the cognitive radio can be supported within the systems by two ways:  
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 First one is to have a new entity added to the system, which is responsible for providing and 
process all the information that are related to allow dynamic access concept, forming what is 
called coordinated system. 
 The second one is to provide and process the information that is related to all the using of 
dynamic access within the existing entities and there is no need to add new entity and this 
system called uncoordinated system. 
 The coordinated systems firstly have been introduced as a central entity called Spectrum Broker and 
it uses to perform the real time dynamic spectrum access. Then this idea has been developed to use 
a common protocol, called Cognitive Pilot Channel (CPC) [2].  
The idea of CPC is to have entity transmitting information to the users about the operators, Radio 
Access Technologies (RATs) and frequencies that are available at the location of the users as well as it 
can indicate the frequencies that are available for the secondary use. By using this information, the 
DSA as well as some other services can be applied. 
 
1.1  Objective of the thesis 
In this thesis a heterogeneous scenario with different Radio Access Technologies (RATs) and flexible 
spectrum capabilities is considered. In this context, the availability of a Cognitive Pilot Channel (CPC) 
is envisaged as a relevant aspect to assist the terminal in the start-up phase, when a terminal 
switched on (entered the network), it uses the CPC channel to get knowledge about the available 
operators, RAT, frequencies and so on to use within this network. This channel indicates the 
availability of the different RATs and the available frequencies for different purposes such as RAT 
selection and secondary use. Under this framework, this thesis analyses the performance of the out-
band CPC based on broadcast mode in different scenarios, in order to study its behavior and 
robustness in front of different aspects, such as propagation, shadowing, etc. which could lead to 
errors in the conveyed information.
In this thesis, the concept of the CPC is explained in chapter 2. In this chapter the structure, 
operation and architecture of the CPC is presented. In chapter 3, the theory and the concept of the 
simulation that is used in this thesis is presented. Chapter 4 shows the different results of the 
simulations. Chapter 5 concludes the thesis and shows the future work.
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2 Cognitive Pilot Channel 
 
Cognitive Pilot Channel (CPC) concept has been introduced depending on the idea of having a 
control channel transmitted to the terminals to facilitate the dynamic access and flexible spectrum 
scenarios. 
The architecture of this system assumes number of different Radio Access Technologies (RATs) 
distributed over a given area and one or more central stations are responsible for creating and 
transmitting the CPC information to all terminals located within that area. 
The CPC has been introduced as a solution to assist the mobile reconfigurable and cognitive terminal 
in procedures like the RAT selection in heterogeneous networks with different networks availability 
and varying spectrum allocations. 
The CPC is a control channel that contains information corresponding to the operators, RATs and 
frequencies allocated in a given area, so that the terminals do not require scanning the entire 
spectrum in order to find out the available systems and frequencies. The terminals can use the CPC 
information to perform some procedures, like decentralized RAT selection, optional software 
modules download for reconfigurability processes or the detection of temporary unused frequency 
bands enabling a secondary usage of spectrum for different applications, e.g. establishment of an ad-
hoc network, communication of devices in personal area networks, etc) [2]. 
 
Generally, the CPC can be used for the following [2]: 
a) Depending on the CPC, the mobile can select the proper network depending on the specific 
conditions, like desired services, RAT availability, interference conditions and so on. This 
supports the Joint Radio Resource Management (JRRM), enabling a more efficient use of the 
radio resources. 
b) Supports the reconfigurability by allowing the terminal to decide with which RAT it is going to 
operate and also gives the terminal the ability to download any software module (if 
applicable) for reconfiguration. 
c) Provides support to Context Awareness by giving the terminal information about the 
frequencies, operators and RATs available in a given area, so the terminal does not need to 
perform a time and power consuming scanning procedure. 
d) Supports the Dynamic Network Planning (DNP) and Advanced Spectrum Management (ASM) 
strategies by facilitating the dynamic changing in the network. Where the network can use 
the CPC to inform the terminals about the new RATs and frequencies deployed in the 
network. 
e) Helps the spectrum utilization by enabling the secondary use of the temporary unused 
frequency bands. 
The CPC has been introduced as a part of E2R and now as a part of E3 (End to End Efficiency)projects 
and the work of these projects has been partly put forward as IEEE SCC41 P1900.4 standardization, 
and more of this work is expected to be introduced into an ETSI standardization effort on 
Reconfigurable Radio Systems (RRS). Moreover, CPC was introduced during world Radio Conference 
– 2007 (WRC07) as an agenda item to the WRC11, thus opening the way for global standardization of 
these E2R and E3 research outcomes [4]. 
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2.1 CPC operation 
 
Some of the operation concepts of how the CPC operates are introducing in following: 
 
2.1.1 CPC operation procedure 
 
CPC operates in a geographical region subdivided to small area (meshes). The mesh is defined as an 
area where some of the radio electrical properties can be identical over all the points within the 
same mesh, for example a certain frequency that detected within this mesh is with a power above a 
certain threshold in all points over this mesh. The mesh is defined by its coordinates. The size of the 
mesh depends on the minimum spatial resolution where the above commonalties can be identified.  
The operation of the CPC follows some procedure as shown in Figure 2.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After switching on the terminal, the terminal starts to determine its position by using the positioning 
system (this does not perform in case there is no positioning system) and then the terminal detect 
the CPC and extract the information related to the mesh where is the mobile located. The points 2 to 
4 can be repeated periodically to detect the changes that may happen in CPC information [2]. 
 
2.1.2 Information transmitted in CPC 
 
The general information that conveyed in the CPC for a given mesh is shown in Figure 2.2. In practice, 
the location indicating the geographical coordinates for each mesh is transmitted within the CPC. 
Also the CPC contains some information like; list of operators in each mesh and for each operator the 
different RATs and associated frequency ranges for each RAT. In case that the CPC information is 
using for secondary use, the corresponding information including the frequencies available for this
Figure 2.1: CPC operation procedure 
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field can be transmitted for each operator using a specific field called “Secondary Use” as it was an 
additional RAT as shown in Figure 2.2. Also some other optional terminal related aspects can be 
included like the maximum transmitted power level allowed depending on e.g. whether the terminal 
is indoor or outdoor [2]. 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2 CPC design and deployment 
 
The general wireless system architecture is based on number of transmitter distributed over a given 
area and with the possibility of time varying assignment of RATs and operating frequencies, as shown 
in Figure 2.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The CPC transmitter is physically implemented using a given RAT and frequency with a given 
bandwidth. It is in charge to convey spectrum awareness information related to its coverage area. 
During CPC implementation, different aspects have to be considered. E.g., regarding the radio part, 
following points should be considered:  
 
Figure 2.3: CPC system architecture 
Figure 2.2: Information sent in CPC per mesh 
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 CPC physical and link layer specification: this includes, e.g., the definition of the RAT that will 
carry CPC information, either a new one or a legacy one can be adapted, the bandwidth that 
should be used to carry CPC information and the operating frequency. 
 CPC deployment: this includes, for example, the definition of the number of CPC transceivers 
and the configuration of these transceivers like the transmitted power over a specific 
geographical area.  
 
In general CPC can be implemented by a CPC operator with its infrastructure (for example new 
operator implements the CPC transmitter to cover a given area and provides its services to the 
different operators that are implemented within that area) or it can be a legacy cellular who exploits 
the already implemented sites to convey the information for an operator. Besides that, some other 
models can be introduced. 
The other issue for CPC implementation is the frequency used by CPC. Two options can be carried 
out, first is to use a fixed and harmonized frequency at global/regional basis, consortium of access 
provider basis or only at internal level within a given access provider domain and the second is to use 
neither fixed nor harmonized frequency, in this case the CPC does not support the switch on case, 
because the CPC frequency can be changed and instead the terminal relies on scanning in this case. 
The amount of information sends by CPC will depend on the complexity of the scenario (like how the 
regions are distributed and so on) within the CPC transmitter coverage range. 
Furthermore, CPC can be in two different structures: 
 Single layer: In this case the CPC provides information on a one-by-one RAT/frequency spatial 
availability basis. This can be seen in Figure 2.3, where there are 3 different regions, one 
where the RAT1 is available, second where the RAT2 available and the third for RAT3. 
 Multi layer: In this case the CPC provides the information on every region based on mesh 
concept where a different combination of RATs/frequencies is available. This can be seen in 
Figure 2.4, where there are 4 different regions, one where the RAT2 and RAT2 are available, 
second where only RAT2 is available, third where RAT2 and RAT3 are available and the fourth 
where only RAT3 is available. 
 
 
 
 
 
 
 
 
 
 
 
Another issue regarding CPC information is the positioning capability of the mobile terminal. In case 
there is no positioning system, but as long as the mobile is able to detect (in broadcast CPC delivery 
mode) or contact the CPC transceiver (in on-demand CPC delivery mode), the CPC is aware that the 
terminal is within its coverage area, therefore the CPC can provide the terminal about the whole area
Figure 2.4: Identification of regions for multilayer structure 
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 that the CPC covering. The worst case, the terminal has to scan the entire information that the CPC 
provides it with to find out what RATs and Frequencies are available at its position. But in case the 
positioning system is available, the CPC can provide directly the RATs and frequencies available at 
terminal position. This means, the availability of the positioning system allows a higher efficiency in 
gaining the spectrum awareness [5].  
 
2.2.1 CPC mapping onto physical resources 
 
In general, there are different possibilities of how to implement the CPC system. The implementation 
process, depending on how the physical resources are mapped, can be classified to three different 
architectures, as: 
 
2.2.1.1 Out-band CPC 
 
In this architecture the CPC is transmitted using a new (ideally universal) frequency different from 
the frequencies of the existing RATs in a certain region. The general architecture of the out-band CPC 
is shown in Figure 2.5. The main advantage of this architecture is that any CPC-compliant terminal 
can retrieve the information of the CPC no matter its supported technologies and the country where 
it is located. However, this solution suffers from two main drawbacks. On the one hand the specific 
frequency/frequencies to be used by CPC must be worldwide harmonized. On the other hand, this 
approach requires new infrastructure to be deployed in order to transmit the CPC channel. 
2.1.1.2 In-band CPC 
 
In this architecture the CPC is transmitted using a specific channel of existing access technology as 
shown in Figure 2.6. This architecture does not need a new frequency to be agreed and harmonized, 
but it uses the existing resources instead. The main drawback of this approach is the terminal needs 
to scan the spectrum to find out the RAT where the CPC is located. In order to prevent this scan, 
some possibilities can be used, like for example, a worldwide used RAT (e.g. GSM) can be 
standardized to carry the CPC information. This can limit the flexibility of DSA also the terminals that 
not support this RAT cannot find the CPC. 
 
 
 
Figure 2.5: Out-band CPC implementation 
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2.2.1.2 Combined CPC 
 
In this architecture both out-band and in-band CPC are combined as shown in Figure 2.7. Here, the 
out-band CPC is used to transmit a minimum information over a certain area. It contains a list of 
operators with only one RAT and the frequency per operator in where the in-band CPC can be 
located. Then, the detailed information with the list of all operators, RATs, and frequencies for each 
mesh is transmitted through the in-band CPC. Once the terminal detects the out-band CPC, it can 
retrieve the information about where the in-band CPC is located and then retrieve the specific 
information about the mesh where it is located. The advantage of this approach over the in-band CPC 
is that the terminal does not need to scan the spectrum and all terminals can retrieve the 
information regardless their supported RATs. However the need of having a harmonized frequency to 
be used by the out-band CPC is still presented [5]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2.2 CPC delivery mode implementations 
 
Depending on the delivery mode of the CPC information, two implementations can be introduced, 
broadcast and on-demand modes. Both modes can be used with any of the approaches that shown in 
the above section. 
 
 
 
 
 
Figure 2.6: In-band CPC implementation 
Figure 2.7: Combined CPC implementation 
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2.2.2.1 Broadcast CPC 
This delivery mode uses only a downlink Broadcast CPC (DBCPC) channel where all the information of 
all meshes in the region is broadcasted periodically and continuously. First the terminal has to detect 
the CPC and waiting the information of the mesh, where it is located. The total time to transmit the 
information of a mesh depends on the bit rate of DBCPC, noted as Tm,B in Figure 2.8. Also, it can be 
organized in different time slots of duration of Ts in order to simplify the synchronization of the 
terminals with the overall sequence of information transmitted in the channel. 
 
 
 
 
 
 
 
 
 
 
2.2.2.2 On-demand CPC 
 
The purpose of proposing this concept is, because in the broadcast CPC the information of all meshes 
should be transmitted periodically which requires either long time or wide bandwidth channel, if the 
mesh size is small. However if the number of terminals inside the mesh is small, the information sent 
by broadcast will be most of the time unused. In this case the using of the on-demand CPC is more 
efficient in term of power and bandwidth consumption point of view.  
In this approach both the downlink and uplink channels are used and it contains the following logical 
channels: 
 Random Access CPC (RACPC): it consists of an uplink slotted channel where the terminals 
send requests to retrieve the CPC information corresponding to their meshes. In general the 
request contains the information about the geographical coordinates of the terminal. A 
simple access protocol such as S-ALOHA can be used for this channel. 
 Acquisition indicator CPC (AICPC): it is a downlink channel and follows the same structure of 
the uplink RACPC channel. It is used as acknowledgment of the correct receiving of RACPC 
channel. The channel consists of Acquisition Indicators (AIs) each one contains the indicator 
for each terminal. If RACPC of a specific terminal has been correctly received, AI for that 
terminal sets to be one and null if RACPC has been received wrongly or has not been 
received. 
 Downlink On-Demand CPC (DODCPC): It is a downlink channel used to transmit the CPC 
information corresponding to the mesh of each request from a terminal. 
 
The operation of this channel is shown in Figure 2.9. The both downlink and uplink channels are 
organized in slots of duration Ts. Both AICPC and DODCPC are multiplexed on the same time slots by 
making use of different fields of a certain burst structure. The operation sequence of this proposal is 
shown in Figure 2.9, where, the Mobile terminal 1(MT1) sends a request on slot #1, which contains 
the geographical coordinates of the terminal and a short random identifier, which uses to identify 
the terminal. Since the request has been received correctly, the slot #2 in the AICPC indicates that 
Figure 2.8: Operation of the broadcast CPC 
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the MT1 request has been received correctly, where AI contains the random identifier that sent 
within RACPC. Then, the transmission of the CPC information corresponding to the mesh of MT1 
starts in the DODCPC during a total time of Tm,OD=Ns.Ts where Ns is an integer number of slots 
depending on the bit rate of the downlink channel. Here, the delay to get the information from the 
CPC manager is assumed to be negligible. Now, MT2 sends the request in slot #2 and receives the 
corresponding AI in slot #3 and since in this slot the DODCPC is still transmitting the information of 
mesh 1, MT2 has to wait until #k to start receiving its CPC information. In slot #3 a collision between 
the request of MT3 and MT4 is occurred, so the AI in slot #4 indicates null, which means there is no 
request received correctly. In this case the terminals have to wait a random retransmission time. In 
this example MT3 retransmits the request in slot #k+1. 
By using this proposal, the information can be used in some other applications besides getting 
information about the operators, RATs and frequencies available in a certain area. For example the 
CPC information can be used by the terminal to retrieve terminal-dependent information, such as 
software downloading to enhance the terminal reconfiguration capabilities. Also, the uplink channel 
can be used to ensure that the information has been delivered correctly thus improving the integrity 
and the security in the transmitted information. Furthermore, the using of on-demand CPC allows 
the network operator and the spectrum regulator to have a higher control of the terminals accessing 
CPC than if the terminals are using broadcast approach [2]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: Operation of the on-demand CPC 
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3 Performance evaluation methodology 
 
3.1 Simulation 
 
In order to analyze the performance of the CPC, a 2D simulated environment is used in this thesis. 
This environment is simulated using C programming language. C language has been chosen to be the 
platform for this simulation, because it has the ability to simulate such environment easily as well as 
it is faster than the other platforms (like matlab). The simulation has been done depending on the 
idea described in [2]. A square geographical area (another shapes can be chosen, e.g. circular) is 
simulated by the simulation platform. This area is subdivided into small subareas, so that the 
shadowing is the same over all the points within this subarea. In this thesis the size of the subarea 
has been chosen to be 20X20 m2, because typically in communication the shadowing can be assumed 
to be equal over such area. The area of these subareas represents the resolution of the simulation. 
The measurement of different aspects (e.g. having coverage) is sampled over the entire region of 
simulation where some terminals are distributed randomly within the simulation area and a sample 
of measurement is taken at each terminal. The number of samples should be large enough, so that 
the measurement does not depend on this number. The simulation area contains single CPC 
transmitter covering the whole simulation area, so that all the terminals can receive the CPC 
information correctly. Also this simulation can contain one or more different Radio Access 
Technologies (RATs). In this thesis the simulation will be focused on analyzing the CPC system that is 
out-band CPC with single layer structure and the broadcast CPC is considered as the delivery mode. 
 
3.2 Radio Access Technologies deployment 
 
In this thesis, up to three different RATs can be implemented within the simulation. These RATs are 
cellular technology, broadcast technology and Wifi technology. These technologies have been chosen 
to be implemented due to the fact that these are worldwide used technologies, for example cellular 
technology is used in one of the widest mobile system (GSM/UMTS) and WiFi nowadays is almost 
everywhere to provide internet access (IEEE 802.11) and the simplest example for broadcast 
technology is the TV broadcasting. These technologies have been implemented as following: 
 Cellular technology: it is implemented as hexagonal cells with frequency reuse of 3. To start 
the deployment process the initial central coordinates for the first cell should be provided 
and then the other cells can be implemented with step of sqrt(3)*R in the X dimension and 
step of 1.5*R in Y dimension, being R is the radius of the cell. For this technology, the base 
station is assumed to transmit a constant power such that the received power at the cell 
boundary is larger than a minimum. The transmitter transmits with a power level without 
caring about the environment, which means the transmitter does not adapt the transmitted 
power or in the other word does not use any power control mechanism. The number of 
cellular cells depends on the radius of the cellular cell itself and the area of the simulation 
area. 
 Wifi technology: it is implemented as circular cells. All the cells are assumed to be working 
with the same frequency. The cells are randomly distributed over the simulation area 
depending on the density of the Wifi transmitters (number of transmitters per km2). Also the 
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transmitted power of this technology is assumed to be constant, so no power control 
mechanism is implemented to this technology as well. 
 Broadcast technology: the idea in this thesis is to have only single operator with broadcast 
technology that covers a very large area within the simulation area. This technology can be 
implemented assuming a very large hexagonal cell with transmitter transmits a constant 
level of power, as in the other technologies. 
 
3.2.1 Technologies frequency selection 
 
The frequency is not the purpose of this thesis, so it can be assumed just as numbers to differentiate 
between the different technologies. It has been assumed as; for cellular is assumed to use 3 
frequencies (with frequency reuse of 3) and three other different frequencies are assumed to be 
used for the other technologies. 
 
3.3 Propagation concept 
 
Wireless communication practically suffers from the losses due to the propagation through the space 
and due to some other communication phenomena, e.g. shadowing. In this thesis the performance 
of the system is based on two of the fundamental concepts in communication, path loss and 
shadowing. 
 
3.3.1 Free space path loss 
 
Free space path loss is a fundamental loss in the wireless communication. This loss is basically due to 
the propagation of the signals through the space, which attenuates the signals. In general the path 
loss can be calculated as: 
 
Lp(dB) = K(dB) + 10γlogଵ଴(d)                              (3.1) 
K(dB) = 20logଵ଴ ቀ
஛
ସ஠
ቁ                          (3.2) 
 
Where;  
Lp is the path loss 
d is the distance between the transmitter and the terminal (for which the path loss wants to be 
calculated) in m 
 is the wavelength in m 
 is the path loss exponent and it depends on the environment 
 
3.3.2 Shadow fading 
 
Practically the signal transmitted through a wireless channel will experience random variation due to 
blockage from objects in the signal path, which raises a random variation of the received power at a 
given distance. The shadowing can also occur due to the reflecting surfaces and scattering on the 
objects. In general a model presenting this effect is needed.  
Since the location, size and dielectric properties of the blocking objects also the changes that may 
happen in the reflecting surfaces and scattering objects that attenuate the signals are generally 
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unknown, statistical models should be used in order to represent the shadowing. The most general 
model that used to represent the shadowing is the log-normal shadowing [6]. The behavior of the 
shadowing is therefore a Gaussian distribution. The distribution of the shadowing as a function of the 
߰ where ߰ =
௉೅
௉ೃ
 (transmit power/receive power) can be shown as: 
 
ܲ(߰ௗ஻) =
ଵ
√ଶగఙഗ೏ಳ
exp ቈ−
൫ట೏ಳିఓഗ೏ಳ൯
మ
ଶఙమഗ೏ಳ
቉          (3.3) 
 
Where; 
߰ௗ஻ = 10݈݋ ଵ݃଴(߰) in dB 
ߪటௗ஻  is the standard deviation of ߰ௗ஻  in dB 
ߤటௗ஻  is the mean of ߰ௗ஻  in dB= average dB path loss 
 
Since ߰is always greater than one which means ߤటௗ஻  can take values of zero or larger. ߰ can take 
any value as 1 ≤ ߰. Thus for 1 > ߰ which means PR > PT and that is physically impossible. When 
ߤటௗ஻  is large and positive, the probability of ߰  will be very small. Thus, the log-normal model 
captures the underlying physical model most accurately when  ߤటௗ஻ ≫ 0 [6]. 
 
3.3.3 Combined path loss and shadowing 
 
In general the combined path loss and shadowing model can be superimposed to capture power 
falloff versus distance along with the random attenuation about this path loss from shadowing. In 
here, the average dB path loss (ߤటௗ஻) is characterized by the path loss model and shadow fading, 
with a mean of 0 dB. The effect of the shadowing on the path loss is shown in Figure 3.1, where the 
shadowing creates variations around the path loss. The resulting path loss of the combined model 
can be shown as: 
 
Lp(dB) = K(dB) + 10γlogଵ଴(d) + ψୢ୆           (3.4) 
 
߰ௗ஻ is the Gauss-distributed random with zero mean and variance ߪଶటௗ஻ . 
In (3.4)and as shown in Figure 3.1, the path loss decreases linearly relative to log10d with a slope of 
10 dB/decade. The variation in the path loss due to the shadowing changing is more rapidly, which is 
on the order of the decorrelation distance Xx. 
 
3.3.4 Simulated losses 
 
In literature, there are many communication models to describe the propagation of the signals 
depending on the application and the environment. In the case of this thesis  equal to 2 is used. 
In this thesis three different technologies are implemented, therefore different propagation model is 
used for each technology, as following. 
 Cellular technology: due to the fact that the CPC concept has been introduced to be 
working in a macro cell environment, the propagation model with characters described 
below has been used to simulate the propagation for cellular technology in this thesis. 
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Lp(dB) = 128.1 + 37.6logଵ଴(d(km)) + ψୢ୆          (3.5) 
 
This propagation model represents the combined path loss and shadowing. It described the 
worst case propagation [7]. 
 Broadcast technology: for this technology, the same propagation model described in [7] 
can be used with different characteristics as height=100m and frequency=600 MHz. 
Then, the propagation model for this technology can be shown as: 
 
Lp(dB) = 102.3 + 24logଵ଴(d(km)) + ψୢ୆           (3.6) 
 
 Wifi technology: for this technology, the propagation model described in [8] can be used 
as: 
 
Lp(dB) = 92.45 + 20logଵ଴(f(GHz)) +  20logଵ଴(d(km)) + ψୢ୆       (3.7) 
 
 For d<dmax=50 and f=2.4 GHz. 
 
Lp(dB) = 141.7 + 30logଵ଴(f(GHz)) +  40logଵ଴(d(km)) + ψୢ୆        (3.8) 
 
For d>dmax=50 and f=2.4 GHz. 
 
For all technologies, the second term ψୢ୆ is created in this thesis by introducing a zero mean 
Gaussian random function with standard deviation () equal to  of the shadowing. 
 
 Figure 3.1: Path loss, Shadowing and Multipath versus distance 
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3.4 Cell coverage area 
The concept of cell coverage area in wireless communication is defined as the percentage of area 
within a cell where the received power level is above a given minimum level. In practice, if there is a 
base station located at the center of a cell with radius R, the received power at any point away from 
the station is less than transmitted power, due to the propagation losses and noise that the signals 
may suffer. Thus, to have an acceptable performance the received power at any point should be 
larger than a minimum received power. The transmit power of the base station is generally designed 
for a received power sensitivity such that  
 
ܵ = ்ܲ − ܮ݌௠௔௫                (3.9) 
 
Where, ܵ  is received power sensitivity, ்ܲ is transmitted power and ܮ݌௠௔௫  is the maximum path loss 
 
ܵ is the minimum received power to have an acceptable performance at the receiver, such that if the 
received power at any terminal is larger than it, the terminal has coverage. It depends on the 
receiver as well as the technology, e.g. ܵ for a Wifi receiver is -90dBm, for a TV is -80dBm and for a 
GSM mobile is -90dBm [6].  
This ܵ can be achieved at the border of the cell, if the average contribution of average shadowing to 
the received power takes into account, rather in general the shadowing creates random variations of 
the received power. That leads to some locations inside the cell to have received power exceeding ܵ 
and some other with received power below ܵ as shown in Figure 3.2. From that and by looking at 
Figure 3.2, two concepts can be observed; for the same transmitted power, if the contribution of the 
path loss and the average shadowing are taken into account, a constant power contour form a circle 
around the base station can be observed, but if the contribution of the path loss and random 
shadowing are taken into account, a contour form an amoeba-like shape due to the random variation 
of shadowing around the average can be observed.  The constant power contours for combined path 
loss and random shadowing indicate the challenge shadowing poses in wireless system design. 
Anyway, it is impossible to all users at the boundary to receive the same power level, therefore 
either the station should transmit extra power to ensure that all users at the boundary receive the 
same power level, but this can lead to excessive interference to neighboring cells, or the fact that 
some users at the boundary will have power fall under the minimum power of having coverage 
should be accepted. In fact the shadowing is a Gaussian distribution and since the Gaussian 
distribution has infinite tails, there is nonzero probability that any mobile within the cell will have a 
received power that falls below the minimum target, even if the mobile is close to the base station. 
This makes sense intuitively since the mobile can be under a tunnel or blocked by a large building 
regardless of its distance to the base station [6].  
Now by combining both path loss and shadowing, the cell coverage can be computed as following: 
The percentage of area within a cell where the received power (PR) exceeds S is calculated by taking 
an incremental area dA at radius r from the base station as shown in Figure 3.2. Assume PR is the 
received power in dA from combined path loss and shadowing at distance r. Then the probability (Pr) 
within the cell where the minimum power requirement exceeded is obtained by integrating over all 
incremental areas where this minimum is exceeded, as: 
 
P୰(Pୖ > S) =
ଵ
஠ୖమ
∫ [
ଵ
ଶ
+
ଵ
ଶ
erf (ୡୣ୪୪ ୟ୰ୣୟ
(୔౎തതതതିୗ)
√ଶ஢
)]dA          (3.10) 
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Where R is cell radius,  is shadowing standard deviation and erf(.) is the error function and it is 
calculated as: 
 
erf(x) =
ଶ
√஠
∫ eି஖dζ
୶
଴            (3.11) 
Where, 
erf(−x) = −erf (x)           (3.12) 
dA = rdrdθ            (3.13) 
 
Since the integration is over a circle (0 ≤ ߠ ≤ 2ߨ) then  
 
௥ܲ( ோܲ > ܵ) = ∫ [
ଵ
ଶ
+
ଵ
ଶ
erf (
ோ
଴
(௉ೃതതതതିௌ)
√ଶఙ
)]
ଶ௥
ோమ
݀ݎ         (3.14) 
 
Also 
Pୖതതത = P୘ − K − 10γlogଵ଴d          (3.15) 
And from (3.9) 
 
S = P୘ − Lp୫ୟ୶           (3.16) 
 
ܮ݌௠௔௫  is the maximum path loss or in other word, the path loss at the boundary of the cell (at 
distance R from the base station) and it can be calculated from 2.1 as: 
 
Lp୫ୟ୶ = K (dB) + 10γlogଵ଴(R)                       (3.17) 
 
To ensure at the distance R a probability of 0.95 is observed, the Lp୫ୟ୶ can be calculated as 
Lp୫ୟ୶ = K (dB) + 10γlogଵ଴(R) + 1.64σ        (3.18) 
 
Then, 
 
P୰(Pୖ > S) = ∫ [
ଵ
ଶ
+
ଵ
ଶ
erf (
ୖ
଴
(୐୮ౣ౗౮ି୏ିଵ଴ஓ୪୭୥భబ୰)
√ଶ஢
)]
ଶ୰
ୖమ
dr        (3.19) 
 
And similarly the probability of exceeding the minimum received power requirement outside the cell 
is given by the integration over all area outside the cell, as: 
 
P୰(Pୖ > S) = ∫ [
ଵ
ଶ
+
ଵ
ଶ
erf (
ஶ
ୖ
(୐୮ౣ౗౮ି୏ିଵ଴ஓ୪୭୥భబ୰)
√ଶ஢
)]
ଶ୰
ୖమ
dr                     (3.20) 
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 To summarize, the mobile terminal at a given location has coverage from the base station if the path 
loss at that terminal is less than the maximum path loss (ܮ݌௠௔௫) (3.18), in other words if the received 
power by the terminal is larger than the minimum required received power. 
 
3.5 CPC technology deployment 
 
By following the different concepts that are explained in chapter two, the CPC implementation in this 
simulation is carried out as in the following steps: 
 Physical deployment: the CPC technology is implemented as circular cells. One CPC 
transmitter located at the center of the simulation area is implemented. This transmitter 
covers the whole simulation area, such that all the terminals within the simulation area are 
able to receive the CPC signals correctly. 
 Information structure: the amount of information sent by CPC depends on the information 
structure as explained in section 2.2. In this simulation, the single layer structure has been 
chosen as the information structure. The area that the CPC covers is divided into regions 
depending on the availability of different RATs, where each region is devoted to each RAT. 
 Information delivery: depending on the position of the terminal, the CPC finds out from 
which transmitter that this terminal has coverage. The CPC considers the terminal has 
coverage by a given transmitter, if it is located within the theoretical coverage area (at a 
Figure 3.2: Contours of constant received power. 
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distance with the BS less that the radius of the BS) of that transmitter. Then, the CPC 
information is sent to all terminals within the simulation area. 
 Information sent by the CPC: the information sent by the CPC to the terminals contains the 
information about the Base Station (BS) from which a terminal have coverage, as: 
 Base_id: the identity of the BS. Each BS within the simulation area has an identity. 
 RAT_id: the RAT identity of the BS, saying whether the BS is with cellular 
technology, broadcast or WIFi. 
 BS coordinates: location coordinates of the BS. 
 Radius: CPC can contain information about the radius of BS (cell radius) or radius of 
the RAT (BSS (Base Switch System)). 
  
3.6 Key performance indicator. 
This thesis is about analyzing the performance of the CPC channel under shadowing and path loss 
circumstances. In order to analyses the performance, number of terminals are thrown randomly 
within the simulation area. By checking the coverage at each terminal, the performance of the 
system can be analyzed.  
In this thesis, two Key Performance Indicators (KPIs) have been chosen to evaluate the performance 
of the system; these are False Alarm Probability (PFA) and Probability of Error (Pe). 
 False Alarm Probability: is the probability that the CPC indicates that a given terminal has 
coverage by a certain transmitter and actually that terminal does not have coverage due to 
the shadowing. Although a terminal located at a distance with the Base Station (BS) less than 
the radius of BS, it can have no coverage from that transmitter due to the shadowing. 
 Error Probability: is the probability that the terminal has coverage by a certain transmitter 
but that does not indicate by the CPC. The CPC considers the terminal having coverage only if 
the terminal is located within the theoretical coverage area of a certain transmitter. In 
practice, the terminal can have coverage by a certain transmitter due to shadowing even it 
located outside the theoretical coverage area of that transmitter. 
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These KPIs can be illustrated in Figure 3.3. Where the Terminal 2 is located outside the theoretical 
coverage area of BS and it has coverage due to the shadowing, while the Terminal 1 is located within 
the theoretical coverage are, but does not have coverage BS. The situation of Terminal 1 represents 
the false alarm and the one of Terminal 2 represents the error that may happen with the CPC 
information. Also, Terminal 3 is located within the coverage area and has coverage. In this case the 
CPC is delivered correctly. 
 
 
 
 
 
 
 
Terminal 1 
Terminal 2 
Terminal 3 
Figure 3.3: Coverage condition 
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4 Results 
In this thesis, the performance of the CPC system in various scenarios is investigated and 
analyzed. These scenarios are implemented as described in chapter3 and they are ranging from being 
single technology scenarios to up to three technologies scenarios. 
4.1 single cell scenario 
The first step in analyzing the performance of CPC system is analyzing performance in a very simple 
scenario, single cell scenario. The main purpose of this scenario is to validate the simulation results 
with the numerical results. This scenario contains only single technology, which is cellular technology, 
with single transmitter located at the center of the simulation area. Figure 4.1 shows the coverage 
area of the cellular transmitter with radius R. The different parameters of this scenario are shown in 
table 4.1. 
 
 
 
 
 
 
 
 
 
 
 
 
As described in chapter 3, the performance analyses in this thesis is done by assuming number of 
terminals distributed randomly within the simulation area, so that at each user one sample of 
measurement can be obtained. In general, the analyses should not depend on the number of 
samples taken within the simulation area, or at least reduce the dependency as much as possible. 
Thus, first the performance of the single cell scenario is analyzed against the number of samples. The 
analyses are done for different values of R (2000m, 1000m and 600m) and different values of  (6dB 
and 10dB). The results are shown in Figures 4.2, Figure 4.3, Figure 4.4 and Figure 4.5. 
 
 
Figure 4.1: Single cell scenario 
R 
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Table 4.1: Parameters of the single cell scenario 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Parameter Value 
Simulation area 10000x10000 m2 
CPC transmitter Simple transmitter located at the 
center of the simulation area and 
covers the whole simulation area 
Coordinates of the cellular transmitter (5000,5000) m 
Number of the technologies in the simulated area 1 
Simulated technologies Cellular 
Cellular transmit power 43dBm 
Radius of cellular transmitter (R) 2000m, 1200m, 1000m, 800m, 600m 
Number of CPC transmitters 1 
Number of cellular transmitters 1 
Theoretical cell shape of cellular RAT Hexagonal 
Shadowing standard deviation for cellular RAT() 6dB to 12dB 
Figure 4.2: False Alarm Probability versus Number of users for =6dB and different R. 
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Figure 4.3: Error Probability versus Number of users for =6dB and different R. 
Figure 4.4: False Alarm Probability versus Number of users for =10dB and different R. 
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By looking at the behavior of the system with different R and  against the number of samples, both 
PFA and Pe saturate with number of samples equal to 1000000 for all cases of R and . Thus, the 
number of samples equal to 1000000 will be used from now on for the simulations that use this 
scenario. 
Typically in wireless communication, the values of the shadowing standard deviation () is between 
6dB and 12dB, therefore the performance of the CPC in this scenario and the other scenarios with  
ranges from 6dB to 12 dB will be analyzed. 
For cellular cells, R is typically not large (cell covers only small area), therefore R with values of 600m, 
800m, 1000m, 1200m and 2000m will be used in the analyzing the behavior of the system for the 
simulations of this scenario and later the other scenarios.  
As described in section 2.2.2, the terminal builds it knowledge about the network by using the CPC 
information. CPC information contains information about the available Operators, RATs and 
frequencies. Furthermore, the CPC information can specify which is the position of a given 
transmitter, power transmitted by this transmitter and its radius. By collecting CPC information, the 
terminal can find out which transmitters and frequencies are available at its position. 
Figure 4.6 and Figure 4.7 show the performance of the this scenario with =6dB, 7dB, 8dB, 9dB, 
10dB, 11dB and 12dB and R=600m, 800m, 1000m, 1200m and 2000m. 
From Figure 4.6 and Figure 4.7 the PFA and Pe show the same behavior against R and . They are 
increasing with increase  and their values are very close with different R, which means, they are 
almost independent on R. PFA with R=600m and Pe with R=2000m show bigger difference than the 
other values of R.  
The increasing of PFA and Pe with  is because larger  leads to increase the random variations of the 
coverage area, due to the shadowing, so that more terminals located outside the cell have coverage, 
i.e. increasing the Pe, and more terminals located within the cell have no coverage, i.e. increasing the 
PFA. 
Figure 4.5: Error Probability versus Number of users for =10dB and different R. 
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Furthermore, the independency of PFA and Pe on R is because of the concept of having coverage. A 
terminal has coverage if the received power at this terminal is higher than sensitivity (S), as described 
in section 3.4. S is set in a way to ensure that 95% of the cell will have coverage. This 95% is achieved 
by adding the effect of  when calculate S as in (3.16) and (3.18). Going back to Figure 4.6 and Figure 
4.7, for a constant , S is always calculated to maintain the 95% whatever R is, therefore PFA and Pe 
are independent on R. 
In Figure 4.6 and Figure 4.7, the behavior of Pe and PFA is not exactly independent on R, that is 
because of the simulation constrains, such as the simulation area is limited and the area is divided to 
subareas, such that, each subarea is treated as single point, i.e. all terminals within the same subarea 
have the same received power. Latter simulation constrain may lead to the following cases: 
The point at distance R from the transmitter is located somewhere in a subarea and this subarea has 
received power larger than S, i.e. all the terminals within this subarea have coverage. Then a terminal 
located at a distance a bit more than R and still within that subarea is considered to have coverage 
just because all the terminals within that subarea are considered to have coverage, but the received 
power at this terminal can be less than S. Also the other way around, if a point at distance R from the 
transmitter is located somewhere in a subarea and this subarea has received power less than S, i.e. 
all the terminals within this subarea have no coverage. Then a terminal located at a distance a bit less 
than R and still within that subarea is considered to have no coverage just because all the terminals 
within that subarea are considered to have no coverage, but the received power at this terminal can 
be less than S. 
These two cases introduce some error in the calculation of PFA and Pe especially when R is small (like 
the case of R=600m in Figure 4.6). However, this error is quite small and can be accepted in the 
simulation result, because in order to remove it, the received power at each terminal should be 
calculated individually. Due to the very large number of samples considered within the simulation 
area, this calculation will be very time consuming. The other simulation constrain (limited simulation 
area) leads as well to some errors as, for example, in the case of R=2000m in Figure 4.7, where Pe 
decreases dramatically as compared with the case of R=1400m. The behavior of Pe with R=2000 is 
checked with larger simulation area (20000x20000 m2). With this, the behavior of Pe was better that 
the case with smaller scenario (10000x10000 m2), where Pe at 2000m was very close to Pe with 
R=1400m. This simulation constrain is visible only when R is big, but however the error introduced by 
this constrain is also quite small and can be accepted, because using bigger simulation area will be 
very time consuming. 
In order to check the results obtained by the simulation, a validation step with the numerical 
calculation is introduced. 
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Figure 4.6: False alarm probability versus radius (for different R and ). 
Figure 4.7: Error probability versus radius (for different R and ). 
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4.1.1 Validation 
 
The validation step is carried out by comparing the results that obtained by the simulation with the 
numerical calculations for the KPIs. 
The numerical calculations are computed using the definitions of the KPIs that are described in 
section 3.5. 
Then, the probability of false alarm (PFA) is calculated from (3.16) as: 
 
ிܲ஺ = ∫ [
ଵ
ଶ
+
ଵ
ଶ
erf (
ୖ
଴
(୐୮ౣ౗౮ି୏ିଵ଴ஓ୪୭୥భబ୰)
√ଶ஢
)]
ଶ୰
ୖమ
dr          (4.1) 
 
Since Probability of error (Pe) is defined as the probability of having coverage by a given transmitter 
and this coverage does not indicated by the CPC, this Pe can be calculated as the conditional 
probability of having coverage outside the theoretical cell area with the probability of having 
coverage within the whole simulation area. By using (3.16) and (3.17), Pe can be calculated as: 
 
௘ܲ =
∫ [
భ
మ
ା
భ
మ
ୣ୰୤ (
౎ౣ౗౮
౎
(ై౦ౣ౗౮షేషభబಋౢ౥ౝభబ౨)
√మಚ
)]
మ౨
౎ౣ౗౮
మୢ୰
∫ [
భ
మ
ା
భ
మ
ୣ୰୤ (
౎ౣ౗౮
బ
(ై౦ౣ౗౮షేషభబಋౢ౥ౝభబ౨)
√మಚ
)]
మ౨
౎ౣ౗౮
మୢ୰)
            (4.2) 
 
Where, 
R୫ୟ୶ is the upper limit of the integration area or in the other words, it is the maximum radius far 
from the base station where the probability of having coverage is considered.  
In theory, R୫ୟ୶ should be extended to infinity, but since the simulation area in this thesis is 
considered to be limited, R୫ୟ୶ can be chosen just to cover the whole simulation area. Anyway, if 
R୫ୟ୶ is chosen large enough, then the numerical results will be independent on it. This can be shown 
by applying, (4.2) with different R୫ୟ୶, R and . The result is shown in Figure 4.8. 
Figure 4.8 shows that when R୫ୟ୶ is large enough, Pe is independent on R୫ୟ୶, therefore 
R୫ୟ୶=15000m will be used for the numerical result calculation. 
Now, the numerical results for different R and  are calculated with R୫ୟ୶ = 15000m and these 
results are compared with the simulation results. These results are shown in Figure 4.9 and Figure 
4.10. 
In Figure 4.9 Simulated False Alarm Probability (PFA,simulation) shows some oscillations around Numerical 
False Alarm Probability (PFA,numerical). This is as described before is because the simulation constrains 
(the simulation area is divided to subareas, where each subarea treated as single point) as well as 
because the simulation area is a square area, while the numerical calculation is done with circular 
area. To avoid the very time consuming simulation, the small error due to the mentioned simulation 
constrains can be accepted. 
Also, in Figure 4.9 Simulated Error Probability (Pe,simulation) shows some differences with respect to 
Numerical Error Probability (Pe,numerical). This is also because the maximum area that considered in the 
simulation as well as in the numerical calculation and again because square simulation area is used. 
Again, to avoid the very time consuming simulation, the small error due to the mentioned simulation 
constrains can be accepted. 
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Figure 4.8: Numerical calculations of error probability with different Rmax, R and  
Figure 4.9: Verification of the simulation results with the numerical results. Following the same color code shown in the 
figure, dashed lines represent the numerical results and the sold lines represent the simulation results. 
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Figure 4.10: Verification of the simulation results with the numerical results. Following the same color code shown in the 
figure, dashed lines represent the numerical results and the sold lines represent the simulation results.  
 
From both Figure 4.9 and Figure 4.10, it can be stated that with this simulation the results that 
obtained follow the numerical results in a way that the simulation results can be used for the 
analyzing. 
 
4.1.2 Performance analysis 
 
The concept of having coverage in this thesis is calculated to ensure that 95% of a cell has coverage. 
This percentage relies of knowing , which means  within the environment should be estimated. 
Regarding less the way of estimating this , the performance of CPC. when  may misestimated, is 
analyzed. 
Two different situations are analyzed here; 
 First, if the estimated  is 10dB, while the actual  is correctly estimated or not. 
 Second, if the estimated  is 6dB, while the actual  is correctly estimated or not. 
The results of these two situations are shown in Figure 4.11 and Figure 4.12.  
The results of Figure 4.11 and Figure 4.12 show that, if  is misestimated, this leads to influence the 
behavior of CPC. If the estimated  is larger than the actual one within the scenario, the PFA is larger 
and the same if the estimated  is smaller than the actual one, then PFA is smaller. That also depends 
on the value of the estimated . If it is the smallest  (=6dB), the changing in PFA is higher than if the 
estimated one is something in the middle (=10dB)as shown in Figure 4.11. This behavior of PFA is 
because; when the actual is larger than the estimated one, the random variation due to the 
shadowing is estimated to be less than the actual one. This leads the CPC to send its information 
taking into account specific variations, which is less than the actual ones. Those less expected 
random variations lead to more terminals located within the theoretical coverage area of the 
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transmitter (CPC indentifies them to have coverage by the transmitter) will not actually have 
coverage by this transmitter. The difference between the estimated variations and the actual one is 
bigger in the case when the difference between the estimated and actual  is bigger, thus leads to 
bigger change in PFA. 
In the case of the estimated =10 dB, the difference between the estimated random variations and 
the actual one is not that big to make a visible difference in calculating Pe when the actual  is larger 
than the estimated one. When the estimated  is larger than the actual one, the difference in the 
random variations leads to increase Pe as shown in Figure 4.12.  
It is also can be observed that the behavior of Pe in the case of the estimated  is 10dB is opposite to 
its behavior in the case of the estimated  is 6dB, because the variations are random, which may lead 
to increase or decrease Pe as well as PFA. 
Generally, the CPC information contains the theoretical cell radii values of the transmitters available 
at a given position. As the above results showed, for such simulation large Pe and small PFA are 
obtained. In order to try to find out if it is possible to PFA and Pe to compensate each other, the CPC is 
assumed to send cell radii larger or smaller than the theoretical ones. The behavior of the system is 
shown in Figure 4.13 and Figure 4.14. 
PFA increases with the radius (R) sent by the CPC and decreases with it. This is because; when CPC 
notified larger R means CPC is notifying larger cell coverage area, which leads to notify more 
terminals to have coverage by the transmitter according to CPC information and actually they do not 
have coverage by it. Similarly, when R notified by CPC is smaller than the theoretical one. Notifying 
smaller cell radius leads to reduce the probability that the terminal notified to have coverage by the 
transmitter according to CPC information and actually do not have that coverage. 
Figure 4.15 shows that depending on the application and whether Pe or PFA is more important, the 
operating point can be chosen. In this scenario, either small Pe or large PFA can be obtained or large Pe 
and small PFA can be obtained. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4.11; False Alarm Probability with estimated  different than the actual one 
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Figure 4.13: False alarm probability versus different cell radius sent by CPC 
Figure 4.12: Error Probability with estimated  different than the actual one 
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Figure 4.14: Error probability versus different cell radius sent by CPC 
Figure 4.15: Combined error probability and false alarm probability against change in radius 
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4.2 Cellular scenario 
 
After analyzing the performance of the CPC system in a single cell scenario, a more complicated 
scenario is introduced here. This scenario contains number of cellular cells covering the whole 
simulation area. The structure of this scenario is shown in Figure 4.16 and its parameters are shown 
in Table 4.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this scenario the PFA and Pe first are calculated for each cell individually and then the total PFA and 
Pe for the whole scenario are the average PFA and Pe respectively. 
Similar to the single cell scenario, the simulation should not depend on the number of samples 
distributed within the simulation area, therefore the behavior of this scenario with cell radius (R) 
equal to 2000m, 1000m and 600m and shadowing standard deviation () equal to 6dB and 10dB is 
analyzed against different number of samples and the results are shown in Figure 4.17, Figure 4.18, 
Figure 4.19 and Figure 4.20. 
 
Figure 4.16: Cellular scenario structure. Simulation area is represented by the blue rectangular and the 
black circles represent the coverage of the different cellular cells. 
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Table 4.2: Parameters of the cellular scenario 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Parameter Value 
Simulation area 10000x10000 m2 
CPC transmitter Simple transmitter located at the 
center of the simulation area and 
covers the whole simulation area 
Number of the technologies in the simulated area 1 
Simulated technologies Cellular 
Cellular transmit power 43dBm 
Radius of cellular transmitter (R) 2000m, 1200m, 1000m, 800m, 600m 
Number of CPC transmitters 1 
Number of cellular transmitters Varying to cover the whole 
simulation area 
Theoretical cell shape of cellular RAT Hexagonal 
Shadowing standard deviation for cellular RAT() 6dB to 12dB 
Figure 4.17: False Alarm Probability versus Number of Samples for =6dB and different R. 
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Figure 4.18: Error Probability versus Number of Samples for =6dB and different R. 
Figure 4.19: False Alarm Probability versus Number of Samples for =10dB and different R. 
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From the above results, it can be observed that in this scenario the PFA and Pe do not saturate with 
the number of samples, but the changes in Pe and PFA after number of samples equal to 500000 
samples are very small, so that it does not influence the behavior of the system. Thus, 500000 
samples distributed within the simulation area is sufficient to get behavior independent on the 
number of samples. 
Now, by using 500000 samples, the behavior of this scenario under different R and  conditions is 
analyzed and the results are shown in Figure 4.21 and Figure 4.22. 
Figure 4.21 shows that PFA is almost independent on R and increases with . PFA is independent on R 
for the same reason that described in the case of the single scenario, which is, the sensitivity (S) is 
chosen in a way that 95% of the cell has coverage. Also, when  increases, the random variation due 
to the shadowing increases too, which leads to increase PFA. 
Similarly 4.22 shows that Pe goes down slowly with R and increases with . Pe goes down with R while 
it supposes to be independent on R is because of the same reason that introduced in the single cell 
scenario, because of the simulation constrains, where the simulation area is divided to subareas and 
the whole points within each subarea is treated as single point. The degradation of Pe with R is very 
small, so that this small error can be acceptable. Also, when  increases, the random variation due to 
the shadowing increases too, which leads to increase Pe. 
 
4.2.1 Performance analysis 
 
As described and done in the case of the single cell scenario, the performance of CPC when the 
estimated  is different from the actual one within the environment is investigated and the results 
are shown in Figure 4.23 and 4.24. 
Figure 4.20: Error Probability versus Number of Samples for =10dB and different R. 
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Figure 4.21: False Alarm Probability versus radius (for different R and ). 
Figure 4.22: Error Probability versus radius (for different R and ). 
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Figure 4.23 and Figure 4.24 show the same behavior as in the single cell scenario, where due to the 
differences between the actual random variations and the estimated ones, the behavior of the 
system differs. Again when the differences are larger, the differences in the system behavior are 
larger. 
Figure 4.23: False Alarm Probability with estimated  different than the actual one. 
Figure 4.24; Error Probability with estimated  different than the actual one. 
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Since CPC notifies the cell radius of the cellular cells, decreasing the cell radius sent by the CPC, or in 
other words, decreasing the cell coverage area, leads to have zero PFA with high Pe. Such high Pe is not 
important while the cellular technology is available everywhere within the simulation area. In 
practice, when the CPC notifies to not have coverage by a transmitter is not a problem since 
definitely CPC will indicate coverage by another transmitter that providing the same technology. 
Figure 2.25: False alarm probability versus different cell radius sent by CPC 
Figure 2.25: Error probability versus different cell radius sent by CPC 
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Similarly to the previous scenario, increasing or decreasing the cell radius sent by the CPC leads 
either to large Pe and small PFA or vise versa. 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.2.2 RAT based CPC notification 
So far, the CPC sends the information to the terminals about each cell, in other words, the CPC 
notifies cell by cell. Where, the radius sent by the CPC is the radius of a given cell and PFA and Pe are 
calculated for each cell regarding less its technology.  
In general, if there are more than one cell of a given technology and the CPC notifies that a terminal 
does not have coverage by one cell, will not be a problem if the terminal has coverage by another cell 
of the same technology. From that to extend the performance analysis, another idea is introduced by 
considering the CPC to send information about the whole technology as a single cell. The CPC sends a 
radius covering all cells of a given Radio Access Technology (RAT) as shown in Figure 4.27, where the 
CPC notifies a radius located at the middle of the simulation area and covered all cellular cells (Blue 
circle). Then, Pe and PFA calculation is changed to the following: 
 Probability of False Alarm: is the probability that the CPC notifies a terminal to have 
coverage by any transmitter of a given RAT, but actually this terminal does not have 
coverage by any of these transmitters. 
 Probability of Error: is the probability that a terminal has coverage by any transmitter of a 
given RAT, but the CPC indicates that this terminal has no coverage by any of these 
transmitters. 
 
Figure 4.26: Combined error probability and false alarm probability against change in radius. 
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To illustrate this case, Figure 4.27 is introduced. 
 
 
 
 
 
 
 
 
 
 
 
 
 
To evaluate the performance of the CPC in such scenario a scenario with parameters shown in Table 
4.3 and configuration as the one shown in Figure 4.27 is implemented. In this scenario the cellular 
cells are distributed over a small area within the simulation area and the CPC sends the information 
treating all cellular cells as single cell. In this scenario, the CPC notifies a radius covering the whole 
cellular cells (blue circle in Figure 4.27). The location of this radius is at the center of the cellular cells, 
in this case, the center of the simulation. 
By using the definition for PFA and Pe as stated above, the behavior of the system versus the number 
of samples is shown in Figure 4.28 and Figure 4.29. 
 
Parameter Value 
Simulation area 10000x10000 m2 
CPC transmitter Simple transmitter located at the 
center of the simulation area and 
covers the whole simulation area 
Number of the technologies in the simulated area 1 
Simulated technologies Cellular 
Cellular transmit power 43dBm 
Radius of CPC transmitter 10000m 
Radius of cellular transmitter (R) 1000m 
Number of CPC transmitters 1 
Number of cellular transmitters 8 
Theoretical cell shape of cellular RAT Hexagonal 
Shadowing standard deviation for cellular RAT() 6dB to 12dB 
Table 4.3: Parameters of the RAT based CPC notification scenario 
Figure 4.27: RAT based CPC notification scenario. Blue circle represents CPC notification and black cells 
represent the cellular cells coverage. 
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Figure 4.28: False alarm probability versus number of Samples 
Figure 4.29: Error probability versus number of samples 
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Both Figure 4.28 and Figure 4.29 show that the number of samples larger than 500000 does not 
show that difference on the behavior of the system, therefore number of samples equal to 500000 
will be used in this scenario. 
With 500000 samples distributed within the simulation area and by using scenario architecture 
shown in Figure 4.27 and Parameters shown in Table 4.3, the behavior of the system with different 
values of  is shown in Figure 4.30 and Figure 4.31. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.30: False alarm probability versus different . 
Figure 4.31: Error probability versus different . 
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Figure 4.30 shows that PFA decreases with increasing . This is because, when  increases, the 
coverage area of the cells increases (due to the shadowing) covering the areas within the coverage 
area notifies by the CPC (technology coverage area) where there is no cellular cells. This leads more 
terminals located within the technology coverage area to have coverage by any of the cellular cells. 
Similarly, Figure 4.31 shows that Pe increases with , because the coverage area of the cellular cells 
increases with  leading to cover more areas outside the technology coverage area and therefore 
more terminals located outside the technology coverage area have coverage by any of the cellular 
cells. 
 
4.2.2.1 Performance analysis 
 
As in the other scenarios, the behavior of the system if the estimated  is not correct is analyzed and 
shown in Figure 4.32 and 4.33. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Both Figure 4.32 and Figure 4.33 show that; when the difference between the estimated  and the 
actual one is not large (e.g. estimated =10 dB), the changes in the CPC performance is very small, 
while the changes are larger, when the difference is larger, for the same reasons described before. 
In the case that the CPC sends RAT radius smaller or larger than the one that just covers all 
technology cells, the performance of the system changes as shown in Figure 4.34 and Figure 4.35. In 
such scenario, having large Pe is not a good behavior, like in cellular scenario, because if the CPC does 
not notify having coverage by the technology, the opportunity to connect to this technology will be 
lost. From this, an optimum operating point should be found. Now, by looking at Figure 4.36, 
increasing the technology radius sent by the CPC up to 20% of the initial one (blue one in Figure 4.27) 
Figure 4.32: False alarm probability with estimated  different than the actual one. 
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leads to have an intersection point between Pe and PFA, where Pe is small and PFA is not that large 
(such point can be chosen to be the operating point). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.33: Error probability with estimated  different than the actual one 
Figure 4.34: False alarm probability versus different RAT radius (radius covers the whole cellular cells) 
sent by CPC with =6dB 
 46 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.35: Error probability versus different RAT radius (radius covers the whole cellular cells) sent by 
CPC with =6dB 
Figure 4.36: Combined error probability and false alarm probability versus different RAT radius (radius 
covers the whole cellular cells) sent by CPC with =6dB 
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4.2.3 RAT based CPC notification (scenario 2) 
 
To further investigate this idea, another scenario with the same parameters shown in Table 4.3 and 
with architecture shown in Figure 4.37 is used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the last scenario, the cellular cells are distributed in a way that most of the technology area 
notified by CPC is covered by the cellular cells, but in this scenario, the cellular cells are distributed in 
horizontal way, so that most of the technology area notified by CPC is not covered by the cellular 
cells. The technology radius notified by the CPC is calculated as in the previous scenario, the radius is 
located at the center of the cells and covers the whole cells. The behavior of the CPC in such scenario 
is analyzed in this section. 
The behavior of this scenario against number of samples within the simulation area is shown in 
Figure 4.38 and Figure 4.39. 
 
Figure 4.37: RAT based CPC notification scenario. Blue circle represents CPC notification and black cells 
represent the cellular cells coverage. 
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Figure 4.38: False alarm probability versus number of samples 
Figure 4.39: Error probability versus number of samples 
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From the above figures, the system behaves independently when the number of samples is 500000 
or higher, therefore number of samples equal to 500000 is used for this scenario. 
The behavior of this scenario with different  is shown in Figure 4.40 and Figure 4.41. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.40: False alarm probability versus different  
Figure 4.41: Error probability versus different  
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Similarly to last scenario, increasing  leads to decrease PFA and increase Pe, because increasing  
leads to increase the variation of the cells coverage area (increase the coverage area) and then 
reduce the number of samples that are located within the technology coverage area indicated by the 
CPC and do not have coverage by any of the cellular cells as well as increase the number of samples 
located outside the technology coverage area indicated by the CPC and have coverage by one of the 
cellular cells. Oppositely, decreasing  leads to increase PFA and decrease Pe , because this leads to 
decrease the coverage area of the cells, as shown in Figure 4.40 and 4.41. 
Generally, in this scenario, the Pe is lower and PFA is higher than the previous scenario due to the cells 
distribution. 
 
4.2.3.1 Performance analysis 
 
Figure 4.42 and 4.43 show the behavior of the system when the estimated  is different than the 
actual one. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Both Figure 4.42 and Figure 4.43 show that the system behaves similarly to the other scenarios. 
 
 
 
 
Figure 4.42: False alarm probability versus different estimated  with cell radius=1000m 
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Also, the performance of the system with different RAT radius value sent by the CPC is analyzed is 
shown in Figure 4.44 and Figure 4.45. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.43: Error probability versus different estimated  with cell radius=1000m 
Figure 4.44: False alarm probability with different RAT radius value sent by the CPC 
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Figure 4.45: Error probability with different RAT radius value sent by the CPC 
Figure 4.46: Combined error probability and false alarm probability with different RAT radius value sent 
by the CPC 
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Figure 4.46 shows that sending the exact value of the technology cell leads to have intersection 
point. Also Pe or PFA equal to zero can be reached but PFA or Pe is large should be accepted, therefore 
depending on the application, the operating point can be chosen. 
 
4.3 Heterogeneous scenario 
 
In this section a more practical scenario is considered. This scenario contains three different 
technologies, cellular, broadcast, wifi technologies. The architecture of this scenario is shown in 
Figure 4.47 and its parameters are shown in Table 4.4. 
In this scenario, PFA and Pe are calculated as described in section 3.6. They are calculated for the 
overall system by averaging of PFA and Ps for each technology. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As in the other scenarios, the behavior of the system against different number of samples is shown in 
Figure 4.48 and Figure 4.49. Both figures show that number of samples equal to 500000 is sufficient 
to have independent behavior. 
 
 
 
 
 
 
 
Figure 4.47: Heterogeneous scenario. Green circles represent wifi technology, blue circles represent 
broadcast technology and black circles represent cellular technology. 
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Parameter Value 
Simulation area 10000x10000 m2 
CPC transmitter Simple transmitter located at the 
center of the simulation area and 
covers the whole simulation area 
Number of the technologies in the simulated area 3 
Simulated technologies Cellular, Wifi and Broadcast 
Radius of broadcast transmitter (Rbroad) 5000m and 3000m 
Radius of cellular transmitter (Rcell) 1000m and 1200m 
Radius of wifi transmitter (Rwifi) 200m and 160m 
Wifi density (transmitters/km2) 0.2 trasnmitters/km2 
Number of CPC transmitters 1 
Number of cellular transmitters Varying to cover the whole 
simulation area 
Number of broadcast transmitters 1 
Number of wifi transmitters Varying depends on the wifi density 
and cell radius 
Shadowing standard deviation for cellular RAT() 6dB to 12dB 
Table 4.4: Heterogenous scenrio parameters 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Figure 4.48: False alarm probability versus number of samples 
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Figure 4.49: Error probability versus number of samples 
Figure 4.50: False alarm probability versus different  
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Figure 4.51: Error probability versus different  with Rcell=1000m, Rbroad=5000m and Rwifi=200m 
Figure 5.52: Error probability versus different  with Rcell=800m, Rbroad=3000m and Rwifi=160m 
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Figure 4.50, Figure 3.51 and Figure 4.52 show the behavior of the system with different R and . 
Figure 4.50 shows, in the case of cellular cell radius (Rcell) is 800m and wifi cell radius (Rwifi) is 160m 
and broadcast cell radius (Rbroad) is 3000m that total PFA (average PFA for all technologies) does not 
change when  is less than or equal to 9dB.This is because, Rcell and Rwifi are much smaller than 
Rbroad which leads to different PFA for different technologies and by averaging these PFAs, the total 
PFA is constant over those values of . The same behavior can be observed for other set of radii in 
Figure 4.50. When  becomes larger, the total PFA changes with . This is due to the large variations 
that observed with large values of . In other hand, Figure 4.51 and Figure 4.52 show the behavior of 
Pe for the existence technologies as well as the total Pe. In this figure it can observed that the cellular 
technology behaves similarly to the behavior of this technology in the cellular scenario (above 
section) and wifi technology follows the same behavior of the cellular, but with higher error 
probability, which is because the smaller radius of the wifi cells. The broadcast technology shows 
almost flat behavior, because the radius of this technology is very large, covering the simulation area. 
Figure 4.52 show Pe for other set of radii and following the same behavior of the set in Figure 4.51 
accept for broadcast technology that shows higher oscillation, because its radius is smaller than the 
other case. In both figures, the total Pe (average Pe for all technologies) increases with  due to the 
higher variations. 
 
4.3.1 Performance analysis 
To analyze the performance of the system in this scenario, a scenario with broadcast cell radius= 
5000m, cellular cell radius=1000m, wifi cell radius=200m and =6dB is used. 
As in the other scenarios, the behavior of the system when the estimated  is not the same as the 
actual one, it is shown the Figure 4.53. This figure shows the same behavior as in the scenarios 
before. 
Again, when the estimated  is 10dB, total Pe is almost constant for all technologies, as in Figure 
4.54, for the same reasons as described before (the differences between the actual variations and 
the exact ones is small), while when the estimated  is 6dB, total Pe changes very slowly. This is 
because, Pbroad is constant over all ‘s (broadcast cell covers big area) and the changes in Pwifi and 
Pcell are not big to make a big difference in total Pe as shown in Figure 4.55. 
As in the other scenarios, different cell radius sent by the CPC is considered and the behavior of the 
system is shown in Figure 4.56, Figure 4.57, Figure 4.58 and Figure 4.59.  
Figure 4.56 shows, since the radius of the broadcast is very large, Pe can be reduced to zero by 
increasing the broadcast cell radius notified by the CPC. From that, it can be observed, increasing the 
cell radius sent by the CPC leads to better behavior, this is obvious because broadcast cell has very 
big radius. Also Figure 4.57 shows that PFA can be reduced to zero by reducing the cellular cell radius 
sent by the CPC, because decreasing the notified radius leads to ensure that most of the terminals 
located within the notified radius have coverage. Also increasing the cellular cell radius notified by 
the CPC leads to decrease Pe as well as decrease PFA. For wifi technology, Figure 4.58 shows that wifi 
technology shows the same behavior as the cellular technology behavior.  
Since total Pe and PFA are the averages of the whole technologies, the behavior of the system is same 
as shown in Figure 4.59. 
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Figure 4.53; False alarm probability when the estimated  is different than the actual one 
Figure 4.54: Error probability when estimated  is different than the actual one when estimated  is 
10dB 
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Figure 4.55: Error probability when estimated  is different than the actual one when estimated  is 6dB 
Figure 4.56: Combined false alarm probability and error probability for broadcast technology with 
different cell radius sent by the CPC 
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Figure 4.57: Combined false alarm probability and error probability for cellular technology with different 
cell radius sent by the CPC 
Figure 4.58: Combined false alarm probability and error probability for wifi technology with different cell 
radius sent by the CPC 
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Figure 4.59: Combined total false alarm probability and total error probability with different cell radius 
sent by the CPC 
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5 Conclusions and future work 
  The purpose of this thesis is analyzing the performance of the CPC channel under different 
shadowing circumstances in the heterogonous network. This analysis carried out by using different 
shadowing conditions. 
Three main scenarios have been used in this thesis to analyze the performance. These are: 
1) Single cell scenario: simple scenario with single transmitter. This scenario is used to validate 
the simulation’s results. 
2) Cellular cell scenario: this scenario contains number of cellular cells covering the whole 
simulation area. 
3) Heterogeneous scenario: more practical scenario with broadcast, cellular and wifi 
technologies. 
The performance is carried out by using two KIPs, error probability and false alarm probability. These 
KPIs are measured as the following: 
 False Alarm Probability: is the probability that the CPC indicates that a given terminal has 
coverage by a certain transmitter and actually that terminal does not have coverage due to 
the shadowing. Although a terminal located at a distance with the Base Station (BS) less than 
the radius of BS, it can have no coverage from that transmitter due to the shadowing. 
 Error Probability: is the probability that the terminal has coverage by a certain transmitter 
but that does not indicate by the CPC. The CPC considers the terminal having coverage only if 
the terminal is located within the theoretical coverage area of a certain transmitter. In 
practice, the terminal can have coverage by a certain transmitter due to shadowing even it 
located outside the theoretical coverage area of that transmitter. 
This analysis showed the following: 
1) The simulation results follow well the numerical results, therefore the simulation can be 
considered working properly. 
2) Different shadowing conditions lead to different behavior of the CPC channel as well as the 
performance depends on the scenario (like cell radius, transmitted power, etc). 
3) In order to ensure that for any cell 95% of the cell area has coverage, the shadowing 
standard deviation () should be estimated and if the estimation is not correct, CPC shows 
different behavior. The difference in behavior is small if the difference between the 
estimated  and actual one is small and it is large if the difference is large. 
4) Changing the radius sent by the CPC leads to change the performance of the system. This 
changing depends on the scenario and whether cell or technology is notified by the CPC as 
following: 
 Single cell scenario: increasing notified cell radius leads to decrease Pe and 
increasing PFA and vice versa when decreasing the cell radius, where PFA can be 
decreased to zero. 
 Cellular scenario: increasing notified cell radius leads to decrease Pe and 
increasing PFA and vice versa when decreasing the cell radius, where PFA can be 
decreased to zero. Also, by decreasing the notified technology radius leads to 
decrease Pe more than the case of decreasing the notified cell radius (Pe can be 
reduced to zero if the distribution of the cellular cell is in the way that not full the 
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technology area notified by the CPC) and vice versa when decreasing the cell 
radius, where PFA can be decreased to zero. 
 Heterogeneous scenario: increasing notified cell radius leads to decrease total Pe 
and increasing total PFA and vice versa when decreasing the cell radius. The 
different technologies behaves as: 
 Broadcast technology: increasing notified cell radius leads to decrease Pe and 
increasing PFA for small value. Also decreasing the notified cell radius leads to 
increase Pe and increasing PFA. For this technology in such scenario increasing 
the notified cell radius leads to better performance. 
 Cellular technology: increasing notified cell radius leads to decrease Pe and 
increasing PFA and vice versa when decreasing the cell radius, where PFA can 
be decreased to zero. 
 Wifi technology: this technology behaves similarly to the cellular one. 
 
Future work: This thesis can be continued by expanding the scenarios to more complicated 
scenarios and considering different simulation parameters than the ones used in this thesis, like 
considering different transmitter distribution, different transmitted power, different propagation 
models and so on. The effect of the shadowing on the CPC transmitter can be investigated by 
consider different scenarios with more than one CPC transmitters each covers part of the simulation 
area and consider the shadowing effect while calculating the propagation model for the CPC 
transmission. Since this thesis considered only single layer CPC, multilayer CPC can be analyzed as 
well. This thesis considered only broadcast mode of the CPC, on-demand CPC can be further 
analyzed. 
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